The lipid raft hypothesis proposes lateral domains driven by preferential interactions between sterols, sphingolipids, and specific proteins as a central mechanism for the regulation of membrane structure and function; however, experimental limitations in defining raft composition and properties have prevented unequivocal demonstration of their functional relevance. Here, we establish a quantitative, functional relationship between raft association and subcellular protein sorting. By systematic mutation of the transmembrane and juxtamembrane domains of a model transmembrane protein, linker for activation of T-cells (LAT), we generated a panel of variants possessing a range of raft affinities. These mutations revealed palmitoylation, transmembrane domain length, and transmembrane sequence to be critical determinants of membrane raft association. Moreover, plasma membrane (PM) localization was strictly dependent on raft partitioning across the entire panel of unrelated mutants, suggesting that raft association is necessary and sufficient for PM sorting of LAT. Abrogation of raft partitioning led to mistargeting to late endosomes/lysosomes because of a failure to recycle from early endosomes. These findings identify structural determinants of raft association and validate lipid-driven domain formation as a mechanism for endosomal protein sorting. membrane domain | endocytosis | trafficking | phase separation | microdomains R ecent advances in superresolution microscopy (1), lipid analysis (2, 3), and plasma membrane (PM) isolation (4, 5) have confirmed the coexistence of lipid-driven, fluid domains in biological membranes. The relatively ordered domains, known as "membrane rafts," have been proposed to be involved in protein sorting (6), viral/pathogen trafficking (3, 7), and PM signaling in a variety of contexts (8). However, despite the increasing evidence confirming the existence of dynamic, nanoscopic membrane rafts, the functional consequences of this phenomenon remain speculative because of the limitations of the previously used methods for defining raft association, i.e., the resistance of membrane components to solubilization by nonionic detergents (9).
The lipid raft hypothesis proposes lateral domains driven by preferential interactions between sterols, sphingolipids, and specific proteins as a central mechanism for the regulation of membrane structure and function; however, experimental limitations in defining raft composition and properties have prevented unequivocal demonstration of their functional relevance. Here, we establish a quantitative, functional relationship between raft association and subcellular protein sorting. By systematic mutation of the transmembrane and juxtamembrane domains of a model transmembrane protein, linker for activation of T-cells (LAT), we generated a panel of variants possessing a range of raft affinities. These mutations revealed palmitoylation, transmembrane domain length, and transmembrane sequence to be critical determinants of membrane raft association. Moreover, plasma membrane (PM) localization was strictly dependent on raft partitioning across the entire panel of unrelated mutants, suggesting that raft association is necessary and sufficient for PM sorting of LAT. Abrogation of raft partitioning led to mistargeting to late endosomes/lysosomes because of a failure to recycle from early endosomes. These findings identify structural determinants of raft association and validate lipid-driven domain formation as a mechanism for endosomal protein sorting.
membrane domain | endocytosis | trafficking | phase separation | microdomains R ecent advances in superresolution microscopy (1), lipid analysis (2, 3) , and plasma membrane (PM) isolation (4, 5) have confirmed the coexistence of lipid-driven, fluid domains in biological membranes. The relatively ordered domains, known as "membrane rafts," have been proposed to be involved in protein sorting (6) , viral/pathogen trafficking (3, 7) , and PM signaling in a variety of contexts (8) . However, despite the increasing evidence confirming the existence of dynamic, nanoscopic membrane rafts, the functional consequences of this phenomenon remain speculative because of the limitations of the previously used methods for defining raft association, i.e., the resistance of membrane components to solubilization by nonionic detergents (9) .
Lipid-mediated domains have been implicated as a mechanism for protein sorting in the latter stages of the secretory pathway (trans-Golgi network to the PM) (2, 6, (10) (11) (12) , with analogous pathways mediating endosomal sorting/recycling (13, 14) . Raft lipids (i.e., sterols and sphingolipids) are significantly enriched at the PM (15) (16) (17) , and recent observations confirm that these lipids also are enriched in sorting vesicles destined for the PM (2, 11) . For proteins, several specific cytosolic signals exist for adapter/coat-mediated sorting between cellular organelles (18) ; in parallel, protein-lipid interactions through hydrophobic transmembrane domains (TMDs) also have been shown to regulate trafficking. For example, a strong correlation exists between the TMD length of bitopic proteins and their organelle specificity (19, 20) , with longer TMDs targeting proteins to the PM and shorter TMDs found in the endoplasmic reticulum (ER), Golgi apparatus, and endocytic organelles. These findings suggest cargo sorting in the secretory and endocytic pathways, with proteins containing longer TMDs, together with sphingolipids and cholesterol, being specifically trafficked to the PM, although the mechanism for this observation remains unresolved.
One possibility for sorting of specific lipid classes along with proteins containing longer TMDs is lateral segregation and coalescence of ordered domains, followed by either domaininduced (21) or cytoskeleton-assisted (22) budding of raft-enriched transport vesicles. Proteins using this "raft pathway" would not require cytosolic sorting signals but rather would be recruited to transport vesicles by their raft affinity, i.e., their propensity to interact with specific lipids, ordered domains, or other raftembedded proteins. Because ordered phases in lipid model systems consistently have been shown to be 0.6-1.5 nm thicker than disordered domains (23, 24) , raft-associated transmembrane (TM) proteins would be predicted to have longer TMDs. TMD length-dependent protein sorting between coexisting lipid domains has been addressed experimentally only recently by measuring partitioning of an oligomeric toxin (perfringolysin O) with multiple (35-40) TM segments in synthetic, phase-separated liposomes (25) . Whether these observations extend to single-pass TM proteins in biological membranes is unknown.
To evaluate the role of lipid-driven raft domains as a mechanism for subcellular protein sorting, we quantitatively compared the raft association of 30 TM protein variants with their subcellular localization. To quantify raft partitioning of the constructs comprising single-pass TM proteins with varying TMD lengths and sequences, we used giant PM vesicles (GPMVs). GPMVs are cell-detached PM blebs whose protein (26) and lipid (27) diversity mirrors that of the native PM. These PM vesicles separate into coexisting liquid phases (4) with different order (28) , which recruit membrane components in accordance with their predicted raft affinity, i.e., saturated lipids, glycosphingolipids (29) , glycosylphosphatidyl inositol-anchored proteins (4), and palmitoylated proteins (30) partition to the ordered phase, denoted
Significance
The organization of metazoan membranes into functional domains is a key feature of their physiology. A subset of these domains, known as "membrane rafts," has been implicated in a large variety of cellular processes; however, the molecular mechanisms by which raft domains regulate cell function remain elusive. Here, we demonstrate that membrane raft association is a necessary and sufficient sorting signal for cellsurface localization of a specific single-pass membrane protein, linker for activation of T-cells, and that this raft association is governed by the properties of the protein transmembrane domain. These results begin to define the physical bases for protein raft affinity and establish lateral membrane domains as mediators of protein sorting in mammalian cells. here as the "raft phase." Most importantly, these vesicles provide a platform for repeatable, direct, and quantitative analysis of raft partitioning (30) , allowing investigation of the structural determinants of raft association and its effect on protein function. We find that perturbation of raft partitioning by three independent means (decreasing TMD length, mutation of palmitoylation sites, and TMD sequence manipulation) perturbed subcellular localization, leading to missorting of PM proteins to late endosomes and lysosomes because of a failure to recycle nonraft proteins from early endosomes (EEs). These results confirm the presence of a raft-mediated recycling route in nonpolarized cells, begin to define the molecular parameters for protein association with raft domains, and suggest an explanation for the accumulation of proteins with longer TMDs at the PM.
Results and Discussion TMD Length Is a Determinant of Raft-Phase Partitioning. The aim of our study was to determine the effect of raft partitioning on subcellular protein trafficking and localization. Although few data exist on the structural determinants of protein partitioning to lipid rafts, recent observations in synthetic membranes have confirmed the long-standing hypothesis that TMD length is a determinant of raft association. Thus, we produced 13 mutants (Table SI) of a model single-pass TM protein [the TMD of linker for activation of T-cells (LAT) fused to a C-terminal monomeric RFP (mRFP), LAT-TMD-mRFP, hereafter "trLAT" (30) ] with various TMD lengths in an attempt to generate variants with varying raft affinities. Raft association was assayed by quantifying the relative partitioning of these constructs between coexisting raft/nonraft phases in GPMVs (4, 5) . Fig. 1 A-D shows exemplary images of GPMVs isolated from cells transiently transfected with trLAT variants and the quantification scheme used to calculate raft partitioning. Before vesicle isolation, cells were stained with an unsaturated lipid marker, F-DiO, with strong preference for disordered (nonraft) lipid domains (31) . Phase separation in isolated vesicles was observed by the strong segregation of this fluorescent marker into the nonraft phase ( Fig. 1 A-D, Middle Row). The partitioning of trLAT variants then was quantified by an established protocol (30, 31) , i.e., measuring the ratio of fluorescent protein intensity in the two phases to yield K p,raft , the raft-phase partition coefficient ( Fig. 1 A-D, Bottom Row). Using this method, we readily observed striking differences between the mutants. For example, although both trLAT-WT (Fig. 1A ) and a substitution mutant with six C-terminal (interfacing with the endoplasmic leaflet of the PM) residues of the TMD mutated to alanines (trLAT-6endoA) (Fig. 1C) partitioned approximately equally between the coexisting liquid phases (K p,raft = 1.1 for both vesicles shown), the mutant with the same six amino acids deleted from the endoplasmic region of the TMD (trLAT-Δ6endo; Fig. 1B ) was highly enriched in the disordered phase (K p,raft = 0.6).
The influence of TMD length is evident in the representative data in Fig. S1 , which show partition coefficients and experimental deviations for a typical experiment representing 10-15 vesicles per mutant per condition. As previously observed (30) , partitioning was a function of vesicle isolation agents, with paraformaldehyde (PFA)/DTT as the vesiculation agents ( Fig. 1 A-C) generally yielding lower K p,raft values than the non-crosslinking, nonreducing N-ethyl maleimide (NEM) (compare trLAT-WT distribution in Fig. 1 A and D) . This effect has been attributed previously to the reduction of protein acylation by DTT (30) and to a greater-order difference between coexisting phases in the PFA/DTT preparation (31) . Although raft-phase partitioning was consistently ∼50% higher in NEM-derived vesicles than in those derived from PFA/DTT (Fig. S1 ), the trends for mutant partitioning are consistent among the different preparations, with significant differences observed between trLAT-WT and shorter-TMD variants. Comparing different preparations directly by normalizing to the partitioning of trLAT-WT for that preparation clearly shows that mutants with shorter TMDs (-Δ3endo and -Δ6endo in Fig. 1E ) have significantly lower raft affinity than substitution controls with normal-length TMDs (-3endoA and -6endoA).
These observations were mirrored in deletions/substitutions from the other parts of the LAT TMD [the hydrophobic core ( Fig. S1 A-C) , the exoplasmic (Fig. S1 D-F) , and the endoplasmic (Fig. S1 G-I ) face]. Of the six deletion mutants tested, only one was not significantly less raft-preferring than WT ( Fig.  2A) . In contrast, all substitution mutants with normal-length (24-aa) TMDs were statistically equivalent to trLAT-WT. No partitioning perturbation was observed with alanine substitutions of the branched/bulky hydrophobic amino acids of the exoplasmic region of the TMD (i.e., -3exoA and -6exoA), in contrast to the effect of alanine substitution of analogous residues of the influenza spike glycoprotein hemagglutinin, which reduces detergent resistance (32) . When K p,raft and TMD length are compared across all preparations, a highly significant dependence of raft partitioning on TMD length is observed (Fig. 2B ). For this model protein (trLAT), raft association is reduced by ∼5% for every amino acid shorter than the WT TMD. These findings are qualitatively consistent with a minimization of free energy caused by hydrophobic mismatch between the apolar bilayer core and Background-subtracted ratios of these two intensities yield raft partition coefficients, K p,raft . (E) K p,raft normalized to trLAT-WT demonstrates that partitioning behavior is independent of preparation but is dependent on TMD length. Data are shown as mean ± SEM from three to six independent experiments; *P < 0.05; ***P < 0.001; ns P > 0.05, one-sample t tests for differences from unity.
the hydrophobic residues of the TM α-helix (33); i.e., longer TMDs would prefer to partition into the thicker raft phase to minimize the hydrophobic surfaces exposed to the aqueous environment. Finally, it is worth noting that none of the trLAT mutants (including several not described here) was measured to have greater raft-phase affinity than the WT construct. This observation suggests that the structure of the LAT TMD is evolved to ensure the partitioning of this important immune system signal transducer to its proper membrane subdomain.
TMD Mutations Do Not Affect Palmitoylation. Because posttranslational modification of TM proteins by a saturated fatty acid (S-acylation, or "palmitoylation") has been identified previously as a key determinant of raft partitioning (30, 34, 35) , we quantified the palmitoylation level of several trLAT constructs at the PM using acyl-biotinyl exchange (ABE) on isolated GPMVs. To control for the inherent and significant variation in the efficiency of ABE, we normalized the palmitoylation of each trLAT construct to that of endogenous LAT in each preparation. As validation of this technique, the palmitoylation of trLAT-WT was nearly identical to that of endogenous LAT (Fig. S2 ). None of the tested TMD truncation mutants had palmitoylation levels statistically different from trLAT-WT (Fig. S2B) . These observations suggest that, for these constructs, palmitoylation at the PM was not affected dramatically by TMD truncations, and therefore that raft partitioning was dependent on hydrophobic matching between the TMD and surrounding bilayer. It is important to emphasize that these observations do not definitively exclude the possibility of small changes in the palmitoylation levels of trLAT constructs or their impact on the differences in raft partitioning shown in Fig. 2 . The limitations of current methodologies do not permit exact quantification of palmitoylation levels; thus whether TMD truncation influences raft partitioning directly (because of hydrophobic mismatch) or indirectly (e.g., via partial perturbation of palmitoylation) remains to be elucidated. Regardless of the mechanism of perturbation, our panel of constructs comprises a continuous range of raft affinities, allowing us to evaluate quantitatively the relationship between raft partitioning and subcellular trafficking.
TMD Length Determines PM Localization. TMD length has been related previously to the subcellular localization of TM proteins, with shorter TMDs preferring the ER/Golgi/endosomal membranes (average TMD length ∼18 aa in vertebrates) and longer TMDs preferring the PM (average TMD length ∼24 aa) (20) . We verified this bioinformatic analysis experimentally by quantifying the PM localization of the trLAT TMD mutants using an automated image-processing protocol. Briefly, PM proteins of cells expressing trLAT mutants were nonspecifically biotinylated by a membrane-impermeable, amine-reactive sulfo-NHS-biotin and then were fixed. The PMs were stained using fluoresceinstreptavidin, yielding bright, uniform, and highly specific PM staining (second column from left in Fig. 3A and center images in Fig. S3) . A mask created from this PM image was overlaid onto the trLAT image (white borders in Fig. 3A mask+thresh images) , and the integral intensities inside and outside the PM mask were compared to yield a %PM value for each protein of interest.
Quantitative PM localization derived using this automated protocol corresponded well to visual predictions, with PMlocalized proteins (e.g., trLAT-WT; Fig. 3A) yielding %PM of 70-80%, whereas mutants with clearly internal accumulation (e.g., -Δ6core) yielded values of 20-30%. We observed a perturbation of PM localization with reduced TMD length: all variants with TMDs of 18 aa had little PM signal (Fig. 3A and Fig. S3 ), whereas the variants with TMDs of 24 aa were mostly PM localized (21-aa variants had both PM and intracellular signal). Thus, PM localization clearly depended on TMD length (Fig. 3B  and Fig. S4 ). It is difficult from this dataset to distinguish the exact quantitative relationship between these two parameters, i.e., whether a linear relationship (shown as solid line in Fig. 3B ) or the step-change between 18 and 21 aa (denoted by the dashed sigmoidal fit in Fig. 3B ) would be a more appropriate fit to the data. Nevertheless, these findings are in qualitative agreement with the bioinformatic predictions (20) and clearly identify TMD length as a determinant of PM localization for trLAT. To evaluate the subcellular location of proteins that did not localize strongly at the PM, we performed costaining experiments on fixed cells with various organelle markers and found that such variants (e.g., -Δ6core and -Δ6endo) were sorted instead to perinuclear lysobisphosphatidic acid-positive (LBPA + ; Fig. 3C ) and lysosomal-associated membrane protein 1-positive (LAMP1 + ; Fig. 3D ) late endocytic compartments (i.e., multivesicular bodies and lysosomes, respectively). Thus, TMD mutations that affect raft partitioning also lead to mistargeting from the PM to degradative organelles.
Raft Partitioning Is a Central Determinant of LAT PM Localization. A trivial prediction of the observations in Figs. 2 and 3 is a positive relationship between raft partitioning of TMD mutants and their PM localization, and this prediction is confirmed by the filled circles in Fig. 4B . To establish the causal relationship between raft association and PM localization independent of TMD length [which has been shown previously to be related to organelle sorting (19, 20) ], we examined raft partitioning and localization of two sets of trLAT mutants with normal-length Fig. 2 . Raft partitioning of trLAT is strongly dependent on TMD length. (A) K p,raft normalized to trLAT-WT for deletion or alanine substitutions of either three or six amino acids from the exoplasmic (blue), endoplasmic (red), or core (black) region of the TMD. Data are shown as mean ± SEM from three to five independent experiments per construct; significance values are onesample t tests for differences from unity (*P < 0.05 ; **P < 0.01; ***P < 0.001; P > 0.05 if no symbol). Mutants with shortened TMDs were significantly less raft-associated than WT in both NEM-(striped bars) and PFA/DTT (empty bars)-derived GPMVs. (B) K p,raft data from all mutants/preparations normalized to WT show the strong dependence (linear regression R 2 = 0.82 ; P = 1.4 × 10 −8 ) of raft partitioning on TMD length regardless of GPMV preparation conditions. Color-coding is as in A. Points are offset for clarity.
(24 aa) TMDs. First, we mutated all TMD amino acids (except the palmitoylation sites) to leucines in an attempt to remove any physicochemical identity that might be required for raft-phase partitioning. Indeed, this trLAT-all leucine (hereafter, trLATallL) construct was nearly entirely excluded from the raft phase of GPMVs (Fig. 4B , white square and Fig. S5A ), despite being efficiently palmitoylated (Fig. S5B) . Correspondingly, this construct also was largely absent from the PM, instead accumulating in perinuclear endosomes (Fig. 4 A and B) . Quantification of the relationship between raft partitioning and PM localization of trLAT-allL showed very good concordance with that established by the TMD-length mutants (Fig. 4B) . This relationship also extended to two palmitoylation site mutants (C26A and C29A; crosses in Fig. 4B ), which previously have been shown to reduce raft-phase association and PM localization (30, 36, 37) . Thus, perturbation of raft partitioning by three distinct means (TMD truncation, deletion of palmitoylation sites, and removal of physicochemical identity) had a common result: failure of the constructs to reach their proper destination in the PM. To investigate whether raft affinity is necessary for PM localization of full-length LAT, the TMD of LAT-GFP (fgLAT) was replaced by a non-raft-targeting TMD (allL). This fgLATallL construct was excluded almost entirely from the raft phase in GPMVs (Fig. S6 D and E) , confirming that the TMD is the major determinant of raft partitioning for the full-length protein.
More importantly, fgLAT-allL was missorted to endo/lysosomes (Fig. S6C) , as is consistent with all nonraft trLAT variants. Thus, because no features of native LAT rescue PM localization in the absence of TMD-mediated raft association, we conclude that raft partitioning likely is necessary for cell-surface expression of LAT. Next, we investigated whether raft partitioning in particular, rather than protein-protein interactions mediated by specific residues of the trLAT construct, is sufficient for sorting. To this end, a "minimal" LAT construct (mrLAT; see SI Materials and Methods) was shown to maintain the raft affinity and PM localization (Fig. S6 A and B) of both trLAT and full-length LAT (Fig. S6 C-E) . This construct contains only 29 residues of LAT, 24 of which have been mutated to alanine in various trLAT constructs (see substitution mutants in Table S1 ) with strong agreement between raft partitioning and PM localization (Fig. 4B) . These strong correlations between PM localization dependent PM localization also was observed for several other proteins (trCD4, trLIME, and trPAG/Cbp). Wild-type TMDs (white bars) partitioned at parity with trLAT-WT, whereas TMD truncations (hatched and solid bars) significantly reduced raft association for all proteins. Data shown are mean ± SD for 10-15 vesicles per sample and are representative of at least two independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001. (D and E) Subcellular localization followed the trend of LAT, with raft-partitioning WT constructs sorted to the PM (D), whereas truncated TMDs were nonraft and accumulated in lysosomes (E).
and raft partitioning imply a causal (i.e., necessary and sufficient) relationship. The same relationships among TMD length, raft-phase partitioning, and PM localization were observed for three other proteins. TMD constructs based on known raft proteins [CD4 (38) , LIME (39) , and PAG (40)] partitioned to the raft domain in GPMVs at parity with trLAT (Fig. 4C , white bars) and localized strongly to the PM (Fig. 4D) . In contrast, truncation mutants generated by deletion of six residues from the TMD had greatly reduced raft-phase association (Fig. 4C, hatched and filled bars) and PM localization, instead accumulating in lysosomes (Fig. 4E) . Thus, the raft-dependent localization observed for LAT is applicable to other proteins.
Raft-Mediated PM Recycling from Early Endosomes. To investigate the mechanisms of aberrant localization resulting from failure to partition into raft domains, we treated cells with inhibitors of various trafficking machinery and assayed steady-state trLAT localization. Inhibition of dynamin-mediated endocytosis (SI Materials and Methods) had no observable effect on the distribution of any LAT variants. In contrast, interfering with endosomal maturation dramatically and specifically altered the localization of nonraft trLAT variants. Brefeldin A (BFA) inhibits the Arf1-dependent assembly of the COPI coat complex, with the most widely recognized result being the collapse of the Golgi apparatus into the ER (41) . However, this compound also affects the organization of the endosomal system, effectively blocking progression from early to late endosomes (41, 42) . Bafilomycin A (Baf) similarly blocks early-to-late endosome progression but does so by a different mechanism-inhibiting luminal acidification (43) . Both BFA (Fig. 5 A and B and Fig. S7) and Baf (Fig. S8A) induced a striking redistribution of trLATΔ6endo and -allL from the lysosomes to the PM and an internal compartment identified as the early endosome (EE) by Rab5 staining. PM localization of trLAT-WT was not affected by either drug (Fig. S8B) . Thus, the trafficking defect of nonraft LAT variants is endocytic, not secretory or biosynthetic. Moreover, the capacity of nonraft constructs to localize to the PM excludes the possibility that the steady-state lysosomal accumulation of these variants is caused by misfolding and/or aggregation, because arrival of TM proteins at the PM necessitates transit through the secretory pathway, and that transit in turn requires proper folding and membrane insertion.
All raft-partitioning constructs localize to the PM (Fig. 4) , whereas abrogation of raft partitioning leads to lysosomal accumulation via the EE, suggesting that membrane rafts provide a mechanism for protein recycling from endosomes to the PM (44) . This hypothesis is supported by previous observations of raft protein and lipid enrichment in early/recycling endosomes (13) and concomitant depletion of these components in more mature endosomes (14) . A prediction of the hypothesis is that raft-associated variants also should transit the EE, and we observed this transit as weak intracellular staining (colocalized with Rab5) visible when the PM signal for trLAT-WT was overexposed (arrows in Fig. 5C ). Finally, perturbation of raft domains would be expected to lead to endosomal accumulation of constructs dependent on raft domains for recycling. We interfered with raft composition by inhibiting the first committed enzyme in glycosphingolipid synthesis (glucosylceramide synthase) by N-nonyldeoxygalactonojirimycin (C9DGJ), which dramatically reduces cellular glycosphingolipid and cholesterol levels, perturbing raftdependent trafficking in cell lines (12, (45) (46) (47) and in vivo (48) . Consistent with these observations and our hypothesis of raft-dependent EE-to-PM recycling, C9DGJ induced a significant and dose-dependent reduction of trLAT-WT PM localization (Fig. 5 D and E) with a concomitant accumulation in internal compartments with the characteristic morphology and localization of EE (arrow in Fig. 5D ). This mislocalization was not observed for the non-raftpartitioning transferrin receptor (TfR)-GFP (Fig. 5E ) (30) , suggesting a specific perturbation of raft-mediated traffic. Together with the strong dependence of PM localization on raftphase partitioning (Fig. 4) , these results confirm the role of lipiddriven, ordered domains in protein recycling to the PM. 6 . Scheme of raft-dependent recycling. The relationship between raft association and subcellular localization supports the hypothesis of parallel recycling routes to the PM in nonpolarized cells, with one of these routes mediated by protein partitioning to lipid-driven raft domains (green rectangles) that promote the formation of raft-enriched recycling vesicles (green circles). Domains containing proteins with cytosolic sorting signals for coat/adapter protein-mediated recycling [not investigated in this work but established in literature (18, 44, 49) ] are shown in red. Proteins with neither sorting signal are routed to lysosomes (yellow) by endosomal maturation. Although in the scheme the EE is pictured as the sole sorting station, the separation of raft from nonraft components also may happen in other endocytic compartments, including recycling endosomes and the PM.
Conclusion
Our observations support a model of parallel, nonexclusive mechanisms for protein and lipid recycling to the PM (Fig. 6) , analogous to the basolateral and apical sorting routes in polarized epithelial cells (18, 44) . Both these routes are likely responsible for the recently described accumulation of proteins containing long TMDs at the PM of eukaryotes (20) . One pathway is mediated by coat-and-adapter assemblies that recruit proteins through specific proteinaceous sorting motifs (Fig. 6 , red bars and circles) (49) . For this pathway, no involvement of specific lipid species has yet been described, although the TMDs of these proteins would still need to match the physical properties of the highly cholesterol-enriched PM. The other mechanism involves the lipiddriven condensation of membrane domains (green bars in Fig. 6 ) to form transport carriers (green circles in Fig. 6 ) enriched in raft lipids and raft-associated proteins and is supported by our observation of a causal relationship between raft association and PM recycling.
In our observations, proteins with neither protein-nor lipidmediated sorting signals are destined for the lysosome, possibly by bulk endosomal maturation. It is important to emphasize that although our scheme depicts the EE as the sole cellular sorting station, the separation of raft from nonraft components also may happen at other sites in the endosomal/recycling pathway, e.g., the PM and/or recycling endosomes.
Materials and Methods
GPMVs were isolated from rat basophilic leukemia (RBL) cells as described previously (4, 5) . Constructs based on the trLAT backbone (30) were transfected into RBLs using Nucleofection (Lonza). Variants were constructed by custom DNA synthesis (Genscript). Detailed materials and methods can be found in SI Materials and Methods.
